T indicated that this strain belongs to the order Sulfolobales. However, the growth of strain HS-1 T was significantly inhibited by the addition of elemental sulfur; besides, its 16S rRNA gene sequence similarities with species of the order Sulfolobales were quite low (less than 89 %). In this paper, we describe the characterization of strain HS-1 T and propose a novel genus, Sulfodiicoccus gen. nov., in the order Sulfolobales.
Strain HS-1
T was isolated from a hot water sample (68 C, pH 1.4) collected at a solfataric field, Ohwaku-dani, Hakone, Japan (35 14¢ 22 † N 139 01¢ 07 † E) by using ENFE strategy (Exploring novel micro-organisms in frozen enrichment cultures) [19] . In brief, enrichment culture was conducted under multiple conditions using modified Brock's basal salt medium (MBS) [7] , employing three different incubation temperatures (53, 68, 83 C), four different medium pH values (pH 1.4, 4.0, 6.0, 8.0) and three different concentrations of yeast extract [0.01 , 0.10, 1.00 % (w/v)] as the carbon source. Among the enrichment cultures, those that showed positive microbial growth were immediately stored in a freezer at À80 C with 10 % (v/v) DMSO as a cryoprotective agent before attempting isolation. The existence of novel micro-organisms in these frozen enrichment cultures was investigated by 16S rRNA gene clone analysis. Subsequently, the frozen enrichment cultures containing 16S rRNA genes of previously uncultured micro-organisms were used as inoculum, and isolation of these novel micro-organisms was attempted. Strain HS-1 T was successfully isolated from one of the frozen enrichment cultures of which conditions were as follows: incubation temperature, 68 C; medium pH, 1.4; concentration of yeast extract, 0.10 %, w/v.
Unless otherwise stated, strain HS-1 was grown in MBS medium supplemented with 1.0 g yeast extract l À1 (MBSY). For determination of the optimal pH, strain HS-1 T was cultured at 65
C. The pH of the medium was set as pH 1.0, 1.4 and 2.0-6.0 at intervals of 0.5 pH units. The temperature for growth of strain HS-1
T was examined at 45-75 C with intervals of 5 C at pH 3.0. To evaluate NaCl tolerance, HS-1 T was cultured in the same medium supplemented with 0.5-3.0 % (w/v) NaCl at intervals of 0.5 %. Sensitivity of HS-1 T to ampicillin, chloramphenicol and kanamycin was tested at 100 µg ml T and Sulfurisphaera ohwakuensis TA-1 T . Except for Sulfurisphaera ohwakuensis TA-1 T that had been originally isolated and kept in our laboratory, all the type strains were obtained from the Deutsche Sammlung von Mikroorganismen und Zell kulturen (DSMZ).
The cell morphology and flagella of strain HS-1 T were examined by phase-contrast microscopy (Axioskop 40; Carl Zeiss) and scanning electron microscopy (JSM-7500F; JEOL) at the exponential growth phase. Since strain HS-1 T was isolated by the dilution-to-extinction method, colony morphology was examined using MBSY plate medium solidified with 0.7 % (w/v) gellan gum (Wako), 10 mmol MgSO 4 l À1 and 2.5 mmol CaCl 2 l À1 under optimal conditions (68 C, pH 3.0).
Utilization of complex substrates (beef extract, casamino acids, peptone, tryptone and yeast extract), sugars (arabinose, galactose, glucose, lactose, maltose, raffinose, sorbose, sucrose and xylose) and amino acids (alanine, aspartate, cysteine, glutamate, tryptophan and tyrosine) was examined using MBS medium (pH 3.0) supplemented with 1 ml vitamin solution [20] (MBSV). Each of the substrates was added to the MBSV medium at 1.0 g l
À1
, except for tyrosine, which was added at 0.5 g l
. The incubation was conducted at 65 C. Growth of HS-1 T under anaerobic conditions was examined using the technique of Balch et al. [20] under optimal conditions (65 C, pH 3.0). MBSY -with or without 10 g elemental sulfur l À1 -reduced by the addition of sodium sulfide (0.5 g l
) was used for the anaerobic medium in the presence of resazurin (1 mg . Growth by the oxidation of hydrogen (knallgas reaction; [21] ) was also examined by filling the headspace with H 2 /CO 2 /air (80 : 20 : 10, 120 kPa) using the MBSV medium. All the growth tests mentioned above were basically examined by monitoring the increase of optical density at 600 nm; however, when the turbidity was not clearly observed, direct cell counting in a FuchsRosenthal counting chamber was conducted. The cell growth was evaluated based on whether the number of inoculated cells (~5Â10 5 cells ml
) increased during 4 weeks of cultivation.
To determine the core lipid patterns, strain HS-1 T and Sulfolobus acidocaldarius DSM 639 T were cultured in MBSY (pH 3.0) supplemented with 0.1 % (w/v) glucose at 65 and 75 C, respectively. The core lipids of both strains were obtained from approximately 60 mg of wet cells in stationary phase, following the method of Sugai et al. [22] . The TLC of the core lipids was carried out on TLC silica gel plates (Silica Gel 60 F254 Aluminum Sheets; Merck). These core lipids were separated by the method described by Itoh et al. [23] , except that the following two ascending runs of solvent systems were used: first step, chloroform/methanol, 4 : 1 (v/v, to 2 cm from the origin); second step, hexane/ethyl acetate, 7 : 3 (v/v, to 5.5 cm from the origin). After dipping the TLC plate in 5 % H 2 SO 4 , the excess solution (5 % H 2 SO 4 ) was blotted by using a paper towel. Subsequently, the TLC plate was dried at 50 C for 1 min, followed by charring at 160 C for 10 min to detect the core lipids.
To determine the DNA G+C content, genomic DNA of strain HS-1 T was extracted as described by Marmur [24] and analysed at Techno Suruga Laboratory using HPLC after digestion of the DNA with nuclease P1 [25] in triplicate.
Almost the full length of the 16S rRNA and 23S rRNA genes were amplified with the primers A21F (5¢-TTCCGGTTGA TCCYGCCGGA) and U1492R (5¢-GGYTACCTTGTTAC-GACTT), 23Sul56F (5¢-GCGGCAAGYGGCGAWAT) and 23Sul2877R (5¢-YCRCTTAGATGCTTTCAGCG), respectively, and were sequenced. Their sequence similarity with 16S rRNA and 23S rRNA genes of validly published species was calculated using the EzTaxon database [26] . Phylogenetic analyses of 16S rRNA and 23S rRNA gene sequences were conducted using MEGA7 software (Molecular Evolutionary Genetics Analysis, www.megasoftware.net/) [27] . Alignments of the sequences were performed with the MUSCLE program as implemented in MEGA7. A neighbour-joining tree [gap/missing data treatment: partial deletion (95 %); Kimura 2-parameter substitution model], a maximum-likelihood tree [gap/ missing data treatment: partial deletion (95 %); Kimura 2-parameter substitution model] and a minimum-evolution tree [gap/missing data treatment: partial deletion (95 %); Kimura 2-parameter substitution model], including bootstrap probabilities (1000 samplings), were reconstructed with published sequences of related species derived from the GenBank database.
Strain HS-1 T grew at a temperature range of 50-70 C with optimal growth at 65-70 C. The pH range for growth of HS-1 T was pH 1.4-5.5, with optimal growth at pH 3.0-3.5. Doubling time was 9.1 h under optimal growth conditions (65 C, pH 3.0). The strain was able to grow in the presence of NaCl at concentrations of up to 2.5 % (w/v). The growth was not inhibited in the presence of ampicillin, chloramphenicol or kanamycin at concentrations of 100 µg ml
, although the cells were aggregated and precipitated in the presence of ampicillin. The heterotrophic growth was significantly inhibited by the addition of elemental sulfur (Fig. S1a , available in the online Supplementary Material), even though strain HS-1 T was isolated from a solfataric hot spring. A. brierleyi DSM 1651 T and Sulfurisphaera ohwakuensis TA-1 T showed better growth in the presence of elemental sulfur (Fig. S1d-e) . A slight growth inhibition was observed in Sulfolobus acidocaldarius DSM 639 T whereas M. sedula DSM 5348 T showed relatively similar growth inhibition with that of strain HS-1 T (Fig. S1b-c) . Among the species of the order Sulfolobales used in this study, strain HS-1 T showed the most significant growth inhibition in the presence of elemental sulfur under heterotrophic conditions.
Most of the cells of strain HS-1 T at exponential phase were cocci with a diameter of 0.8-1.5 µm whereas a few irregular cocci cells were observed (Fig. 1a-c) . After late exponential phase, the appearance of irregular cocci cells increased (Fig. 1d ). Flagella were not observed. Strain HS-1 T formed circular, pale yellow, small (0.5-1.5 mm in diameter) and convex colonies on MBSY plate medium after 18 days of incubation at 68 C. The colony morphology was similar with that of Sulfolobus acidocaldarius DSM 639 T ; however, the colour was slightly yellowish (Figs S2 and S3). T revealed that these strains produced identical core lipids (Fig. S4 ) of calditoglycerocaldarchaeol (CGTE) [28] and cardarchaeol (DGTE) [29] . The DNA G+C content of strain HS-1 T was 52.0 (±0.14) mol%, which is significantly higher than those of species of the order Sulfolobales published to date (31-46.2 %, Table S1 ).
Almost the full length of the 16S rRNA and 23S rRNA genes, 1438 and 2786 bp respectively, were successfully sequenced. Based on the 16S rRNA gene sequence, the most closely related species for strain HS-1 T was Sulfolobus shibatae (88.6 %), followed by Sulfolobus acidocaldarius (88.3 %) and Sulfolobus solfataricus (88.3 %). The percentages of the sequence similarities were significantly lower than the species threshold value, 98.65 %, recently proposed by Kim et al. [30] . On the other hand, the most closely related species based on the 23S rRNA gene sequence was Acidianus infernus (86.2 %), followed by Sulfolobus tokodaii (86.2 %) and Sulfolobus solfataricus (86.1 %). Since the topologies of phylogenetic trees were similar in all cases (neighbour-joining tree, maximum-likelihood tree and minimum-evolution tree), the final results are presented as the neighbour-joining tree (Figs 2, and S5-S8 for the other trees). Phylogenetic analysis of the 16S rRNA gene sequence clearly showed that strain HS-1 T formed an independent cluster together with an uncultured thermal soil clone and Sulfolobales sp. MK5 [10] (sequence similarity: 97.6 and 97.4 %, respectively) with 100 % bootstrap probabilities within the order Sulfolobales (Fig. 2a) . Sulfolobales sp. MK5 was isolated in 2013 from Yellowstone National Park and roughly characterized; however, a novel species name has not to date been validly published for this strain. Phylogenetic analysis of the 23S rRNA gene sequence also supported the cluster formed by strain HS-1 T and Sulfolobales sp. MK5 (sequence similarity: 95.2 %) with 100 % bootstrap probabilities (Fig. 2b) . The most phylogenetically related species among the species with validly published names was Sulfolobus metallicus (16S rRNA gene sequence similarity: 87.3 %), which is known as an obligately chemolithoautotrophic archaea. Although the growth temperature range of strain HS-1 T (50-70 C, with an optimal range of 65-70 C) was similar to that of Sulfolobus metallicus (50-75 C, with an optimal range of 65 C or 70 C) [9] , the obligately chemolithotrophic mode of life was not observed in strain HS-1 T . The results of phylogenetic analyses strongly indicated that strain HS-1
T is a representative of a novel genus of the order Sulfolobales. In addition, strain HS-1 T showed several unique phenotypic features, as follows: the lowest maximum temperature for growth (70 C) in the order Sulfolobales (all the other species of the order Sulfolobales grow at over 75 C; Table S2 ), a sulfur-inhibited character under heterotrophic conditions with inability to utilize elemental sulfur under autotrophic conditions, and high DNA G+C content, as described above. Differential characteristics between strain HS-1 T and the other representative species of the order Sulfolobales are listed in Table 1 . On the basis of its phylogenetic position and novel phenotypic features, strain HS-1 T is proposed as the type strain of a novel genus and species, Sulfodiicoccus acidiphilus gen. nov., sp. nov., within the family Sulfolobaceae in the order Sulfolobales.
DESCRIPTION OF SULFODIICOCCUS GEN. NOV.
Sulfodiicoccus (Sulf.o.di.i.coc¢cus. L. n. sulfur sulfur; L. neut. n. odium hatred; L. masc. n. coccus a berry and, in biology, a coccoid cell; N.L. masc. n. Sulfodiicoccus coccus which hates sulfur). 
DESCRIPTION OF SULFODIICOCCUS ACIDIPHILUS SP. NOV.
Sulfodiicoccus acidiphilus (a.ci.di¢phi.lus. N.L. n. acidum acid; N.L. adj. philos from Gr. adj. philos loving; N.L. masc. adj. acidiphilus acid-loving).
Most cells in the exponential phase are cocci (with a diameter of 0.8-1.5 µm) whereas most cells in stationary phase are irregular cocci. Grows at 50-70 C (optimal 65-70 C), pH 1.4-5.5 (optimal pH 3.0-3.5) and with 0-2.5 % NaCl. Growth occurs on yeast extract, beef extract, casamino acids, peptone, tryptone, xylose, galactose, glucose, maltose, sucrose, raffinose, lactose, aspartic acid and glutamic acid but not on sorbose, alanine, cysteine, tryptophan or tyrosine. Weak growth occurs on arabinose. Growth is not inhibited by ampicillin, chloramphenicol or kanamycin. Elemental sulfur inhibits growth. The main core lipids are calditoglycerocaldarchaeol (CGTE) and cardarchaeol (DGTE).
The type strain is HS-1 T (=JCM 31740 T =InaCC Ar79 T ), isolated from a terrestrial acidic hot spring in Ohwaku-dani, *Values for DNA G+C contents (mol%) were derived from complete genome sequences available from the National Center for Biotechnology Information web site: www.ncbi.nlm.nih.gov/genome/browse/. †Data from this study. ‡Data from Huber et al. [21] . §The growth was tested in our laboratory using MBSV medium (pH 3.0) at 65 C.
Hakone, Japan. The DNA G+C content of the type strain is 52.0 mol%.
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